neurosurgical focus
L umbar arthrodesis is a commonly indicated treatment for infection, tumor, trauma, deformity, and degenerative diseases of the spine. With broad indications and continuing improvements in surgical technology, there has been an increase in the rate of lumbar spine fusions performed over the last few decades. 17, 24, 26, 52, 59 Unfortunately, these procedures can lead to failed solid bony fusion, or pseudarthrosis, which is a well-known iatrogenic complication. The rates of pseudarthrosis after lumbar spine fusions have ranged from 5% to 35%, 3, 16, 27, 31 with a significantly higher incidence in those spanning 3 or more spinal levels. 13 In 1991, Heggeness and Esses 30 described 4 unique morphological categories to help classify posterolateral lumbar pseudarthroses: atrophic, transverse, shingle, and complex ( Fig. 1 ). Despite this, it is often difficult to predict when or if a pseudarthrosis will become symptomatic for the patient. 44, 52 DePalma and Rothman 16 retrospectively compared outcomes in patients with radiographic evidence of lumbar pseudarthrosis to a matched cohort with successful lumbar fusion. They found no significant difference between the 2 groups with regard to return to activity, symptom relief, and subjective satisfaction with the surgery.
However, more recent studies suggest that successful lumbar fusion correlates with long-term improved functional outcomes and decreased symptom severity. 40 Kornblum et al. reported that among their patients with symptomatic spinal stenosis and spondylolisthesis treated with bilateral posterolateral arthrodesis, 86% of the patients with solid arthrodesis had "excellent" or "good" long-term clinical outcome compared with 56% of patients with a pseudarthrosis. However, in clinical situations that require a revision spinal fusion for pseudarthrosis, Carpenter et al. reported that only 26% (19 of 72 patients) had excellent or good operative outcomes, despite the fact that solid fusion was achieved in 94% of the total cohort. 10 It remains unclear why some cases of pseudarthrosis remain asymptomatic with excellent long-term clinical outcomes, while others require significant management and treatment. 1, 10 While bony nonunion can be asymptomatic on short-term follow-up, this condition can lead to reoperations up to 10 years after the index procedure. 19, 40, 48 Given the rising number of lumbar fusions performed, it is important that the surgeon and patient be aware of the diagnosis, prevention, and treatment of this complication. This article will review the current diagnostic and management approaches to lumbar pseudarthroses. Furthermore, we will briefly discuss promising areas of research in the treatment and prevention of failed spinal fusion.
methods
A systematic literature search using the MEDLINE and Embase databases was conducted for articles published in the English language from 1985 to the present with a combination of the keywords "pseudarthrosis" AND "lumbar" and 1 of the following words: "plain radiograph" OR "tomography, X-Ray computed" OR "magnetic resonance imaging" OR "radionuclide imaging" OR "positron-emission tomography." To identify literature comparing different surgical techniques, the following keywords were used: "fusion rate" AND "interbody fusion" AND "lumbar." Finally, a hand-search strategy using the pertinent references from the selected articles and other systematic reviews and guidelines was conducted.
All abstracts from the query results were reviewed for the inclusion criteria (Figs. 2 and 3 ). The criteria for study inclusion are as follows. For all studies: clinical studies with level of evidence I-III; adult patients with a minimum age of 18 years; and minimum of 1-year of radiographic follow-up. For studies focusing on radiographic diagnostic modalities, additional inclusion criteria were: diagnosis of suspected lumbar pseudarthrosis after lumbar spinal fusion; reported sensitivity and specificity of the imaging modality; and studies correlating radiographic findings to surgical exploration. For studies focusing on the fusion surgical technique, additional inclusion criteria were: diagnosis of a degenerative lumbar spine condition (e.g., degenerative disc disease) and studies comparing the fusion rates of 2 or more surgical techniques.
Results

Imaging modalities
Forty-five articles were found using the Embase and MEDLINE Ovid database. Five articles were excluded because they were published in the non-English language literature and during an incorrect time frame, and 4 articles were excluded because they were animal studies. Thirtysix articles were then reviewed for inclusion and exclusion criteria. A total of 7 articles were included that compared the utility of imaging modalities and surgical exploration for the diagnosis of lumbar pseudarthrosis. Of these, 2 studies examined the utility of plain radiographs, 7,37 2 studies examined the utility of CT, 7, 42 2 studies examined the utility of bone scintigraphy, 2, 6 and 1 study examined the utility comparing all 3 types of imaging modalities. 45 Plain radiography is commonly used for the initial assessment of pseudarthrosis and other possible diagnoses given its widespread availability and relative low cost. However, the time to the radiographic presentation of pseudarthrosis can vary. Using plain radiographs, Kim et al. found an average time of 3.5 years (range 12-131 months) before the detection of pseudarthrosis using plain radiographs. 39 Similarly, Dickson et al. reported that of 18 pseudarthrosis complications, only 13 (72%) were detected radiographically within the first 2 years postoperatively. 18 These findings demonstrate that the annual radiographic follow-up should be implemented for multilevel fusions, even if bony union is proven at an early time point (Table 1) .
While static views can appreciate bony mass within the surgical site, false negatives for a solid bony fusion can be high. 11 Brodsky et al. demonstrated a 64% correlation rate between preoperative anteroposterior and lateral plain radiographs and surgical exploration, with plain radiography demonstrating 89% sensitivity and 60% specificity for predicting solid bone fusion. 7 Similarly, Kant et al. reported a 68% correlation rate between static plain radio- graphs and intraoperative findings (plain radiographs had 85% sensitivity and 62% specificity).
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CT imaging has the strongest correlation with the intraoperative assessment of fusion status. 7, 22 While there are no universally accepted criteria for assessing interbody bone fusion, most studies use all or some of the following features for defining pseudarthrosis: complete absence of continuous bony trabeculation between adjacent vertebrae, peri-implant radiolucency, and/or motion on dynamic films. 35, 56, 57 Early studies using CT scans have shown 57% to 80% correlation between fusion assessments based on imaging versus intraoperative findings, with 53% to 63% sensitivity and 78% to 86% specificity. 7, 42, 54 Since then, there have been considerable advancements in CT technology with the introduction of thin-section axial sequencing and 3D imaging (Fig. 4) . 43 Kanemura et al. used thin-section helical CT scans to demonstrate longitudinal radiographic changes in patients with pseudarthrosis after posterior or transforaminal lumbar interbody arthrodesis. Based on the results of 5-year follow-up examinations, they reported that a radiolucent zone of more than 1 mm around the interbody cage at the 12-month mark was shown to be an early predictor of permanent pseudarthrosis in their cohort. 35 Similarly, Shah et al. 56 reported that bridging trabeculation was appreciated on 95% of CT scans (k = 0.85) versus 4% on plain films (k = 0.74) for patients with lumbar interbody fusion. Based on these findings, the authors also suggest that thin-section CT scans should be the modality of choice for the early detection of pseudarthrosis.
Bone scintigraphy uses a radiographic tracer-commonly 99m Tc-labeled diphosphonate-to localize tissue with high metabolic activity (indicating acute tissue changes and/or repair). While its use is currently indicated for diagnosing bone infections, neoplasms, and occult fractures, 33 it remains a poor choice for the detection of spine pseudarthroses due to poor sensitivity. Bohnsack et al. reported only 50% sensitivity and 93% specificity with the use of 99m Tc. 6 Similarly, McMaster and Merrick used scintigraphy for the early detection of potential pseudarthroses in scoliotic patients at 6 months postoperatively. 50 Of their 110 patients, 65% had uniform uptake at the fusion site, of which 1 had failed fusion based on surgical exploration. Based on these findings, the use of scintigraphy for the early detection of pseudarthrosis is not indicated since metabolic bone activity can be present in both immature arthrodesis and pseudarthrosis.
PET detects gamma ray emission indirectly from a positron-emitting radioactive tracer, such as fluorodeoxyglucose (FDG), to create a 3D image. FDG tracers have an affinity for metabolically active cells, and thus have traditionally been used to detect bone neoplasms and infections. 33 More recently, it has been suggested that these tracers can be used to measure bone graft healing by correlating increased radioisotope uptake at the fusion site with increased woven bone formation and bone remodeling. 20 Foldager et al. were able to demonstrate that PET is a valid imaging modality for monitoring active bone formation in vivo in their porcine anterior lumbar interbody fusion (ALIF) model. 20 Using PET data, the authors derived calculations for bone metabolic activity based on the amount of PET tracer (FDG) incorporated into bone during formation. 
Surgical Strategies
A total of 142 articles were found using the Embase and MEDLINE Ovid database: 132 articles were reviewed for inclusion and exclusion criteria. Ultimately, 8 articles 3, 12, 21, 32, 38, 47, 58, 60 were included that compared the fusion rates after various surgical techniques for the treatment of degenerative lumbar disease requiring spinal fusion.
After the diagnosis of pseudarthrosis, depending on the clinical situation, there are many different treatment options. The primary principles include stabilization of the existing posterior fixation by replacing the loose fixation points, which is followed by regrafting. 44 Zdeblick demonstrated that patients undergoing lumbosacral fusion for degenerative spine conditions had significantly higher fusion rates if they underwent combined autogenous bone graft with a rigid pedicle screw/rod fixation system versus autogenous bone graft only. 60 Another attractive option would be to consider interbody fusion in the setting of posterolateral lumbar nonunion. Anterior lumbar interbody fusion (ALIF), posterior lumbar interbody fusion (PLIF), and lateral lumbar interbody fusion techniques have become popular surgical alternatives or adjuncts to posterolateral fusion (PLF). In some studies, the placement of graft material between adjacent vertebral bodies has shown higher fusion rates when compared with PLF (Table 2) . 51 The increased surface area under compressive forces provides a healthier biological environment than the intertransverse area. Christensen et al. reported fusion rates with ALIF as significantly higher than with PLF + pedicle screw fixation (92% vs 80% respectively, p < 0.04). 12 This technique would also potentially avoid revision scar formation and pain from a posterior approach. Furthermore, Kim et al. demonstrated that while additional PLF can be an option during interbody fusion, the combination PLF plus interbody fusion procedure was unlikely to improve outcomes more than just interbody fusion alone. 38 Improved fusion rates with interbody fusion technique have been reported in other studies as well (Table 2) . 15, 21, 32, 47, 58 discussion Pseudarthrosis should be suspected when a fusion patient presents with recurrent pain and/or neurological symptoms during the long-term follow-up period. The mechanical exacerbation of symptoms may also accompany pain that indicates instability at the surgery site. Diagnosis can be challenging as these symptoms are not necessarily specific for pseudarthrosis but can be attributed to other possible etiologies such as infection or adjacent segment disease. A focused history and physical examination should be used to document any postoperative pain-free or pain-relief interval after the index procedure. While the physical examination is generally nonspecific, there may be a spinal deformity present due to the loss of anatomical correction and alignment secondary to fusion failure. 28, 41, 44, 46, 52 A patient who denies any significant symptom relief postoperatively should be studied further to rule out differential diagnoses.
Open surgical exploration is the gold standard for lumbar fusion assessment as it allows the direct visualization of bone fusion. However, for patients with clinically suspected pseudarthrosis, several imaging modalities can be used. The most common radiographic findings suggestive of pseudarthrosis are implant failure or loss of fixation, radiolucencies, and deformity. 18, 28, 39 Plain radiography and CT scanning are the most common imaging modalities used to diagnose lumbar pseudarthrosis. 5, 13 However, there APLF = anteroposterior lumbar fusion; DDD = degenerative disc disease; TLIF = transforaminal interbody fusion; XLIF = extreme lateral interbody fusion. * A statistically significant difference was noted between surgical groups.
remains some controversy regarding how much degree of motion is used to define successful versus failed bone fusion after surgery. 7, 49 The US FDA's radiographic guidelines for successful lumbar fusion include less than 3 mm of translational motion and less than 5° of angular motion on flexion and extension radiographs. 28 Furthermore, despite improved accuracy, CT scanning has significant limitations such as cost and radiation exposure. The radiation exposure from 1 lumbar spine CT has been deemed equivalent to approximately 240 chest radiographs. 4 Subsequently, with a 16-slice quantitative CT scan, the cancer risk has been estimated to be 1 in 200,000 compared with 1 in 1,000,000 seen with plain chest radiography. While protocol modifications that reduce the exposure area can reduce the patient's cancer risk, 53 the use of alternative imaging modalities continues to be investigated.
Interbody fusion techniques are promising as both preventive measures and treatments of lumbar pseudarthrosis. The use of interbody devices allows for increased surface area under compressive forces, thereby providing a more ideal environment for fusion. Furthermore, the surgical approach avoids midline scar formation that can be problematic should there be a need for reoperation. 55 Surgical outcomes after revision surgery for lumbar pseudarthrosis have unpredictable functional results.
10,40
Glassman et al. stratified outcomes based on the preoperative diagnoses of 327 patients who underwent decompression and PLF with instrumentation. Analysis of their patient-reported outcome measures found that the least amount of improvement, based on the Oswestry Disability Index at the 2-year follow-up, was seen in patients with the nonunion of a prior fusion (5.5 points). 23 Furthermore, Dede et al. established that the outcomes after revision surgery for lumbar pseudarthrosis were associated with the primary diagnosis for initial fusion surgery. Their retrospective chart review of patients with either a primary diagnosis of degenerative disc disease or spondylolisthesis found that despite the high fusion rates after revision, the self-reported clinical outcomes were worse in patients with degenerative disc disease. 14 Recent improvements in lumbar fusion rates can further be attributed to improved biologics, instrumentation, and understanding of local biology. Over the past few decades, the field has been introduced to various biologics that aid in spine arthrodesis, including allograft material, ceramics, and growth factor augmentations. The ideal biologic demonstrates osteoinductive, osteoconductive, and/or osteogenic properties that enhance bony fusion in the surgical bed while minimizing morbidity. Autografts, which are typically obtained from the anterosuperior aspect of the iliac crest, have traditionally been considered the gold standard for bone graft materials. However, complications from iliac crest bone graft harvesting 36 and limitations in quantity have made the development of other potential bone graft alternatives attractive.
When comparing the efficacies of various biologics, a systematic review of posterolateral lumbar fusion rates reported an iliac crest bone graft fusion rate of 79% compared with 52% with allograft alone, 87% with ceramics, 89% with demineralized bone matrices, 74% with autologous bone marrow, and 94% with bone morphogenetic proteins ( Table 3) . 34 While the reporting methods of the publications included from this review varied, these reported fusion rates suggest a benefit from the proper use of bone graft extenders and substitutes.
Another critical aspect of pseudarthrosis prevention is the preoperative assessment of the patient's condition, including identifying risk factors such as older age, osteoporosis, alcoholism, malnutrition, excessive motion at the cervicothoracic and/or thoracolumbar junctions, and cigarette smoking. A number of studies have shown cigarette smoking to be associated with increased rates of pseudarthrosis. 8, 9, 29 Once considered to be an effect from nicotine, the exact mechanism by which cigarette smoke inhibits bone healing is currently still unclear. 25 A recent study potentially implicates the inhibitory effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a halogenated aromatic hydrocarbon found in high levels in cigarette smoke. TCDD is a known aryl hydrocarbon receptor agonist that has been shown to reduce osteoblast formation and bone metabolism in vitro. 54 When administered in a rat posterolateral fusion model, TCDD exposure significantly reduced fusion rates compared with controls. Future studies are necessary to further elucidate the effects of environmental contaminants on bone healing and formation.
conclusions
Pseudarthrosis is a well-reported complication of lumbar spine fusion. Its diagnosis is based on appropriate clinical history and imaging findings of deformity, radiolucencies, implant failure, or loss of fixation. However, the radiographic presentation of pseudarthrosis is unpredictable as it can present up to a decade postoperatively despite the presence of solid bone formation at earlier time points. While plain radiographs and CT are the most common imaging modalities used, the use of other modalities with greater sensitivity and reduced radiation exposure continue to be investigated. The best treatment for pseudarthrosis is to prevent it from occurring after the initial operation. Improvements in bone graft materials, instrumentation, and surgical technique have all contributed to better fusion rates. These factors have also improved the surgical treatment and outcomes of pseudarthrosis revision surgeries. The use of interbody cages may promote better longterm fusion stability and improve patient-reported outcomes. To ensure the best surgical outcome after revision surgery, the surgeon must have a comprehensive and thorough understanding of the patient's preclinical diagnosis, expectations, and cause of pseudarthrosis prior to surgical intervention.
